A B S T R A C T To evaluate the effects of physiologic hyperglucagonemia on splanchnic glucose output, glucagon was infused in a dose of 3 ng/kg per min to healthy subjects in the basal state and after splanchnic glucose output had been inhibited by an infusion of glucose (2 mg/kg per min).
309±25 pg/ml rise in plasma concentration was accompanied by a rapid increase in splanchnic glucose output to values two to three times basal by 7-15 min. The rise in arterial blood glucose (0.5-1.5 mM) correlated directly with the increment in splanchnic glucose output. Despite continued glucagon infusion, and in the face of stable insulin levels, splanchnic glucose output declined after 22 min, returning to basal levels by [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] min.
In the subjects initially receiving the glucose infusion, arterial insulin concentration rose by 5-12 /U/ml, while splanchnic glucose output fell by 85-100%. Infusion of glucagon causing an increment in plasma glucagon concentration of 272±30 pg/ml reversed the inhibition in splanchnic glucose production within 5 min. Splanchnic glucose output reached a peak increment 60% above basal levels at 10 min, and subsequently declined to levels 20-25% below basal at 3045 min.
INTRODUCTION
Increased plasma levels of glucagon have been demonstrated during fasting (1, 2) , after protein feeding (3, 4) , and in a variety of disease states (5, 6) . The physiologic significance of these changes derives from the presumed ability of increments in plasma glucagon to stimulate hepatic glycogenolysis. Direct evidence of a stimulatory effect of glucagon on splanchnic glucose production and gluconeogenesis in intact man has been reported with pharmacologic doses of glucagon, achieving circulating plasma levels of 5,000 pg/ml (7, 8) . Data on the effects of physiologic increments in plasma glucagon (100-300 pg/ml) on splanchnic glucose output have not, however, been reported. Of particular interest is whether physiologic hyperglucagonemia can reverse the inhibition in splanchnic glucose output induced by small increments (10-20 /U/ml) of insulin The Journal of Clinical Investigation Volume 58 September 1976-761-765 (9) . This counter-insulin effect of glucagon has been suggested as the mechanism whereby euglycemia is maintained in the face of the hyperinsulinemia accompanying a protein meal (3, 10) . The current study was consequently undertaken to examine the effects of physiologic increments in plasma glucagon on splanchnic glucose production in the basal state in normal man. In addition, we determined whether such elevations in glucagon can reverse insulin-mediated inhibition of splanchnic glucose output induced by infusion of glucose.
METHODS
The subjects were 12 healthy nonobese adults, 21-37 yr of age. All were within 10%o of ideal body weight (based on Metropolitan Life Insurance Co. Tables, 1959) . The nature, purpose, and possible risks involved in the study were carefully explained to all the subjects before their voluntary, written consent to participate was obtained.
The subjects were studied in the postabsorptive state af;ter an overnight, 12-14-h fast. Hepatic venous and brachial arterial catheterization were performed as described previously (9) (10) (11) 1 Arterial plasma glucagon, glucose, and insulin concentrations, and splanchnic glucose output in the basal state and in response to infusion of glucose (2 mg/kg per min), followed by infusion of glucose plus glucagon (3 ng/kg/min). ployed in the preparation and administration of the glucagon infusate were as described previously (2, 6, 12) , except that human serum albumin rather than whole blood was added to the infusate (in a final concentration of 500 mg/100 ml of infusate) to prevent glucagon adsorption to tubing or glassware. In a second group of studies (six subjects), glucose was continuously infused at a rate of 2 mg/kg per min for 45 min. This rate of glucose infusion was chosen since it is known to inhibit splanchnic glucose output without stimulating peripheral glucose utilization (9, 11) . After 45 min, an infusion of crystalline glucagon was started at a rate of 3 ng/kg per min. The simultaneous infusions of glucagon and glucose were then continued for an additional 45 min.
Hepatic blood flow was estimated by the continuous infusion technique (13) with indocyanine green dye (14) . Glucose was measured in whole blood by the glucose oxidase reaction (15) . Plasma glucagon was analyzed by radioimmunoassay with Unger antibody 30K (16) . Insulin was determined by radioimmunoassay with talc to separate bound from free insulin (17) .
Data in the text, tables, and figures are given as the mean±SE. Standard statistical methods have been employed (18) , with the paired t test when applicable.
RESULTS
Response to glucagon infusion in the basal state. In Table I , the effects of the infusion of glucagon in the basal state on arterial levels of glucagon, glucose, and insulin are shown. During the infusion of glucagon, plasma glucagon levels rose to 380-430 pg/ml, reaching a plateau within 15 min. The mean increment in glucagon was 309±25 pg/ml. Arterial glucose concentration rose by 0.5-1.5 mmol/liter (9-27 mg/100 ml), reaching a peak increment at 22-30 min and then declining slightly at 45 min. Plasma insulin levels rose by 5-12 /AU/ml. Splanchnic glucose production and blood flow are also shown in Table I . During the infusion of glucagon, splanchnic glucose output rose rapidly, reaching levels two or three times basal within 7.5 min. In five of the six subjects, the peak increment was observed at 7.5 min. A direct linear correlation was observed between the maximal increment in splanchnic glucose output and the peak rise in arterial blood glucose (r = 0.76, P < 0.05). Splanchnic glucose output remained elevated at 15-22 min but returned to basal levels by 30 min. The mean values at 30, 37.5, and 45 min thus were not significantly different from the basal, pre-infusion control period. Splanchnic blood flow was stable during the glucagon infusion.
Response to glucagon infusion in subjects receiving glucose. In Fig. 1 the effects of glucagon in subjects in whom splanchnic glucose output had been inhibited by prior infusion of glucose are shown. In accord with previous studies (9, 11) , during the initial 45 min of the infusion of glucose, arterial glucose rose by 0.8-0.9 mmol/liter, insulin levels increased by 5-12 AU/ml, (P < 0.05, paired t test), and plasma glucagon concentration remained unchanged. Splanchnic glucose output fell progressively and was inhibited by 85-100% at 40-45 min (P < 0.01). When the glucagon infusion was then added, arterial glucagon rapidly rose, reaching mean levels of 310-320 pg/ml. The mean increment in glucagon was 272±30 pg/ml. Arterial glucose increased by an additional 1.5 mmoVliter, while plasma insulin rose by 10-20 ,uU/ml. Despite ongoing glucose administration, splanchnic glucose output increased rapidly during the glucagon infusion, rising fivefold within 5 min (P < 0.05), and reaching a peak level at 10 min (1.12 +0.19 mmol/min) which was 60% above the basal (before glucose infusion) output (P < 0.05). Thereafter, splanchnic glucose output progressively fell, reaching levels 22% below basal (P < 0.05) and 57% below the peak increment (P < 0.01) at 35-45 min. Splanchnic blood flow (1,146±60 (Fig. 1) . Splanchnic glucose output, inhibited by 85-100% during the glucose infusion, rose to levels 60% above the basal within 10 min of initiation of the glucagon infusion. It should be noted that the plasma insulin rise accompanying the glucose infusion was comparable to that observed during a protein meal (3, 4, 10) . The increase in glucagon secretion produced by protein feeding has been suggested as the factor responsible for the maintenance of euglycemia in this circumstance (3) by permitting basal rates of splanchnic glucose output to continue in the face of hyperinsulinemia (10) . The current findings provide direct evidence that (a) increments in insulin of the magnitude observed with a protein meal can inhibit splanchnic glucose output; and (b) this effect can be overcome by a simultaneous, physiologic rise in plasma glucagon. These findings thus lend strong support to the conclusion previously proposed by Unger et al., that hyperglucagonemia is an essential factor in the maintenance of glucose homeostasis after protein feeding (3).
Of particular interest in the present study was the demonstration that the stimulatory effect of physiologic increments in plasma glucagon on splanchnic glucose output in the basal state persisted for less than 30 min (Table I) . Despite ongoing hyperglucagonemia, by 30-45 min splanchnic glucose output had returned to levels not significantly different from the basal state (Table  I) . (The failure to observe an accompanying decline in arterial glucose is surprising. This may be explained, in part, by the relatively small rise in insulin, which would not be expected to stimulate peripheral glucose utilization [9, 11] .) A less than persisten.t response was also observed with regard to the reversal of insulininduced inhibition of splanchnic glucose output by glucagon; within 45 min, splanchnic glucose output had fallen to levels 20-25% below basal and 60% below the peak increment (Fig. 1) . This rapid loss of hepatic responsiveness to physiologic elevations in plasma glucagon clearly differs from the liver's ongoing response to pharmacologic doses of glucagon (50 ng/kg per min), in which circumstance a sustained rise in splanchnic glucose output is observed that persists throughout a 3-h glucagon infusion (7) . The transient effects of physiologic hyperglucagonemia on splanchnic glucose balance also contrast with the sustained action of physiologic increments of insulin. Suppression of hepatic glucose production by hyperinsulinemia has been reported to persist throughout a 2-3-h infusion of insulin (22) .
Depletion of liver glycogen does not explain the mechanism of the transient nature of the splanchnic response to glucagon. The total glucose output during the initial 30 min of the glucagon infusion was approximately 10 g (Table I ); total liver glycogen stores in postabsorptive man have been shown to be 70-90 g (23) . Hyperinsulinemia is also unlikely to account for this phenomenon. In the subjects studied in the basal state, insulin levels after 45 min of the glucagon infusion were no different than at 15 min, yet splanchnic glucose output had fallen to base line during that interval (Table  I) . Furthermore, in insulin-dependent diabetic subjects, a similar return of splanchnic glucose output to basal levels has been observed within 30-60 min, despite ongoing infusion of glucagon.' Moreover, Cherrington and Vranic observed a waning with time of glucagon's effect on hepatic glucose production in depancreatized dogs (24) . These findings thus suggest the rapid development of reversal or inhibition of glucagon action, which may not depend on increased insulin secretion. A similar response to endogenous glucagon is suggested by the transient rise in splanchnic glucose output observed after protein feeding in diabetic patients despite persistence of hyperglucagonemia (10) . Regardless of the mechanism involved, the current demonstration of the transience of the stimulatory action of glucagon on glucose production in intact man may explain, in part, the failure of 3-6-h infusions of glucagon to produce glucose intolerance in normal subjects (12) , and the failure of continuous hyperglucagonemia induced by 2-3-day infusions of this hormone to produce deterioration of diabetic control (12) . These findings may also account for the lack of a correlation between plasma glucose and glucagon levels in diabetic subjects (25 
